The purpose of the paper is to identify the most energy efficient value chains using solid biomass of specially grown energy crops and the most significant parameters affecting their energy efficiency and environmental sustainability. The methodology of Life Cycle Assessment (LCA) was used to determine the energy efficiency of value chains of heat production from energy crops. According to the methodology, the scope of the product system includes the raw material cycle of growing energy crops and the subsystem of transformation with production of thermal energy. Cumulative energy demand and energy yield coefficient were chosen as energy efficiency indicators. The product system was compared with a similar one using natural gas. The non-renewable energy yield coefficient was used to define how many times the energy output was bigger than the input of non-renewable energy. Assessment was conducted for two energy crops: Miscanthus as a typical representative of specially grown grassy energy crops and willow as a typical representative of specially grown woody energy crops. The growing of energy crops in Ukraine for the subsequent production of biofuel in the form of chips and their combustion in biofuel boilers are energetically effective with a maximum transportation distance of 400 km for Miscanthus chips and 180 km for willow chips.
INTRODUCTION
Ukraine is now on the track of obtaining energy independence, searching for energy alternatives to fossil coal and natural gas. Despite a significant boost that is recently observed in the development of wind and solar energy sectors in Ukraine, the most reliable renewable energy source (RES) is still biomass. Biomass is now a major RES used in Ukraine in terms of primary energy supply, amounting to 81.3% from all RES in 2015 [1] with 5.22E + 8 MJ of produced electricity and 6.42E + 10 MJ of produced heat [2] . Biomass potential in Ukraine includes various sources, but according to the data of Bioenergy Association of Ukraine the major biomass resource potential belongs to energy crops and amounts to 2.75E + 11 MJ [3] , considering the growing of energy crops on the area of 1.5 million ha. According to RE Directive [4] , growing of energy crops must not result in land use change influencing the food/feed crops cultivation. The potential lands that are acceptable for growing energy crops are underutilized lands that are unsuitable for agriculture. On the other hand, underutilized lands can influence energy crops yields negatively that discourages potential investors, including agrarians, to be involved into this business. The paper presents the results of energy efficiency assessment of the biomass-to-energy value chains using solid biomass of specially grown energy crops in Ukraine.
LIFE CYCLE METHODOLOGY

Goal and scope definition
The goal of this study is to quantify greenhouse gas emissions (GHG), cumulative energy demand (CED) [5] and cumulative energy demand of non-renewable sources (CED NR ) [5] of two value chains of complete life cycles of heat production from Miscanthus and willow, and to assess the influence of most critical parameters on the energy yield coefficient (EYC and EYC NR ) [5] of each value chain, as well as to compare them with each other and with fossil natural gas ones.
The functional unit of the system is MJ of heat produced in the 500 kW biomass boiler that combusts chips produced at the harvest of Miscanthus and willow cultivated at plantations over the assumed life cycle of 20 years.
The life cycle boundaries for the assessment of the energy-crops-to-heat value chain are shown in Fig. 1 . Energy crops analysed in the assessment are Miscanthus (M) and willow (W). The scope includes the feedstock sub-cycle with inputs from soil preparation, planting, caring for plants, biomass harvesting, wood chips transport and storage, and the processing sub-cycle that includes boiler manufacture and dismantling and heat production during 20 years, but it does not include heat transport and heat consumption by final consumers.
Life cycle inventory
Data on inputs for all the processes identified within the life cycle were collected. Data on technological operations and machinery used in the feedstock cycle are based on consultations with operating producers of energy crops (farmers (M), companies (W)) ( Table 1) . The input to the system at such stages as growing, harvest with shredding, transporting and storage, and disposal of products of combustion contains consumption of diesel, pesticides and fertilizers. Diesel consumption was calculated according to Equation (1) . For diesel, pesticides and fertilizers consumption and primary energy input for their production are also considered [6] . For all stages that use machinery and equipment, the consumption of primary energy for their production is considered in proportion to time of their use in the process. 
where Q hourly is hourly fuel consumption, N c is engine power, q 0 is specific fuel consumption, and k e.l. is the coefficient that takes into account the engine load [7] . Consumption amounts of pesticides and fertilizers were provided by operating producers of energy crops (Tables 2 and 3) .
For a heat boiler, non-renewable energy used for construction and dismantling is considered, as well as electricity consumption, repairs and maintenance. In addition, the primary energy used for the production of planting material and for the production of fertilizers, herbicides, and insecticides (for a cycle of growing willow) in proportion to their required volume is considered. For all transport operations, such as 
Energy efficiency and environmental sustainability indicators
Cumulative energy demand of non-renewable sources was calculated for the assessed life cycles, where heat energy is a product received in a biofuel boiler according to the system of Equations (2). The biofuel for this boiler is the chips of energy crops, such as Miscanthus or willow. Chips, as a biofuel, are obtained during harvesting with the shredding of the energy crop from the plantations where this crop was grown (feedstock cycle).
where E fdsk is primary energy spent in the feedstock cycle for harvesting with shredding of energy crops from the field, transportation, as well as loading/unloading operations and storage of biofuels in GJ/a; E m is primary energy consumption for the repair and maintenance of boiler equipment; E el is own electricity consumption of the boiler; E b is primary energy consumption at the stage of construction and dismantling of the plant; n is a period of boiler lifetime, and СЕР is production of heat energy by the boiler plant, GJ/a. Yearly yields of Miscanthus and willow differ, as Miscanthus is harvested annually, and willow every three years. Yields in the first 1-2 years are also less for these crops, so mean yields were assumed in the assessment. Mean yields of Miscanthus and willow are calculated according to Equation (3) and Equation (4), correspondingly:
Mean yield willow [t ha -1 yr
GHG emissions reduction at heat production from biomass compared to gas is calculated according to Equation (5), where specific GHG emissions from heat production from biomass are calculated according to Equation (6):
where ЕCF h are specific GHG emissions in the production of heat from natural gas, 80 gСО 2-eq. / MJ heat [8] ; ε are GHG emissions from the production of biomass before its conversion into heat, and gСО 2-eq. /t biomass , η h is the efficiency of heat production, calculated as the ratio of annual heat production to annual fuel consumption, MJ heat / t biomass .
RESULTS
For installations on renewable energy sources, indicators that consider only consumption of non-renewable energy in the input of technological processes and operations of the value chain are used (CED NR , EYC NR ). The non-renewable energy yield coefficient means how many times the energy production is bigger than the input of non-renewable energy. An acceptable value for renewable energy installations is to receive twice as much energy output as was spent of non-renewable energy; however, the recommended value is assumed in the work, which means the output of 5 times more energy than was spent of non-renewable energy [5] . Cumulative energy demand of non-renewable sources was calculated for the assessed life cycles, where heat energy is a product received in a biofuel boiler. The biofuel for this boiler is the chips of energy crops, such as Miscanthus or willow. Chips, as a biofuel, are obtained during harvesting with the shredding of the energy crop from the plantations where this crop was grown (feedstock cycle) ( Table 4) .
As a result of energy efficiency calculations for a biofuel boiler of 500 kW of installed heat capacity, the following results were obtained. For value chains "Miscanthus-to-heat" (Table 5 ) and "willow-to-heat" (Table 6 ), the indicators of cumulated energy demand and energy yield coefficients remained within the recommended values (EYC NR > 5.) for transport distances of biofuels up to 400 km and up to 180 km, respectively.
As an environmental sustainability indicator, a reduction of GHG emissions was used. The acceptable level of GHG emissions reduction was chosen at a level of 60% for the whole life cycle from cradle-to-heat, compared to traditional heat production in gas boilers, according to RE Directive 2009/28/EC [4] . Specific GHG emissions reduction for heat production from energy crops at a transportation distance of 100 km are shown in Fig. 2 , and the influence of transportation distance of willow and Miscanthus chips for heat production in a biomass boiler at GHG emissions reduction compared to traditional heat production in a gas boiler is shown in Table 7 .
DISCUSSION
Biomass is widely used for energy in many countries and most likely its share will remain significant among other renewables in the future. Due to this, there is a need to define the most viable bioenergy systems that contribute to GHG emissions reduction by reducing fossil fuels consumption in similar energy pathways. There is a variety of conversion processes for biomass-to-energy value chains and approaches to define boundaries, functional unit and reference product of the system, as well as methodological assumptions that make results of life cycle assessments more specific and complicate their comparison with each other. Available researches that use the life cycle approach for energy crops value chains investigate the feedstock cycle from planting to harvest [9, 10] or biofuels production [11, 12] . Analysed papers that assess energy conversion pathways use specific LCA tools usually with a variety of impact categories and receive results as normalized values that show the calculated impact as a proportion of the emissions of an average European citizen [12, 13] . Such approach is not applicable for Ukrainian conditions, as there is lack of required local input data available (for example, emissions of an average Ukrainian citizen). For this reason, LCA based on GHG and energy balance was applied in research of forest and agro biomass for heat energy pathways conducted under Ukrainian conditions [14] . The results Table 7 . GHG emissions reduction compared to heat production from natural gas in a 500 kW heat boiler, % 
CONCLUSIONS
The growing of energy crops in Ukraine for the subsequent production of biofuel in the form of chips and their combustion in biofuel boilers are energy effective with a maximum transportation distance of 400 km for Miscanthus chips and 180 km for willow chips and environmentally sustainable at transportation of 390 km and 1700 km for willow and Miscanthus chips, correspondingly. 
